The ion diffusion in an open nanofluidic system is studied by using an array of nanochannels. The mechanism of the ion diffusion was described through electrowetting-based nanofluidics. An 
Introduction
The interest in nanofluidic channels is rapidly growing due to the great potentials of the intriguing phenomena in nanochannels. The nanostructural architecture can be used for effective energy conversion ͓1-3͔, single-molecule based biochips ͓4,5͔, and highly sensitive chemical sensors ͓6,7͔. Such applications have impacts on fuel cells, DNA array chips, and highly integrated sensor systems. The unique characteristics of nanofluidic channels lie in the small dimensions and a high-surface-to-volume ratio. In such cases, the thickness of the electric double layer ͑EDL͒ becomes comparable to the channel size, which in turn makes the electrostatic interaction on the channel surface dominant for fluid introduction and transportation. The EDL plays an important role in repelling ions of the same charge and attracting counterions present in a sample solution. Thus, the solutions containing different ion concentrations can have different electrostatic interactions with the nanochannel surface, which alters the diffusion length of the solution in nanochannels. For example, deionized ͑DI͒ water may not be directly introduced into negatively charged nanochannels due to the lack of ions. When a solution filled with cations is introduced in nanochannels, the electrostatic attraction between the negatively charged surface and the cations can ease the introduction of the ionic solution into the channels. With the increase in ion concentration, the solution can be diffused further into the nanochannels because of the greater electrostatic attraction.
In this paper, the diffusion length dependency on ionic concentrations is presented in theory and validated in experiment by using an array of open nanochannels. The shadow edge lithography ͑SEL͒ method is employed to fabricate nanochannels over an entire 100 mm Si wafer ͓8,9͔. In the diffusion experiment, sodium chloride ͑NaCl͒ and phosphate buffer ͑PB͒ solutions are used in open nanochannels. The top of the nanochannels is not enclosed for the easy introduction of a sample solution and the measurement of the diffusion length. This open nanochannel configuration can also help the easy access of biomolecules into nanochannels, enabling a variety of nanofluidic applications. Using the presented mechanism, -DNA molecules are stretched in an array of nanochannels, which is quantitatively assessed by fluorescence microscopy. The main contribution of this paper is to study the diffusion of ionic solutions into open nanochannels for biomolecular manipulation.
Theory
In this section, the diffusion of an ionic solution in nanochannels is summarized in accordance with ionic concentration ͓10͔. Liquid diffusion in a microfluidic channel is caused by capillary action and fluid flow. When the channel dimension shrinks to nanoscale, the nanofluidics is dominated by capillary action, charge interaction, and confined geometry ͓11͔. The dynamics of the air-liquid interface in the nanochannel is controlled by the capillary force and viscous friction from the channel wall. The capillary pressure drop across the air-liquid interface is described by the Young-Laplace equation
where ␥ is the surface tension of the liquid, r is the channel radius, and is the contact angle. The rate of liquid diffusion into a small channel is given by the Washburn equation
where l is the liquid diffusion length, t is the diffusion time, P is the external driving pressure, and is the liquid viscosity. Solving Eq. ͑2͒ without an external driving pressure gives an estimation of the kinetics of the capillary filling process,
is based on a constant capillary pressure ͑P c ͒ driving the filling process and a linear hydraulic flow resistance. This resistance increases in proportion to the length of the liquid. Equation ͑3͒ shows that the diffusion length is directly related to the contact angle of the liquid. For ion diffusion in nanochannels, the contact angle is dependent on ion concentration. In the electrowetting phenomena of microfluidics ͓12͔, an external voltage is usually required to generate a large electric potential gradient between an electrolyte drop and the electrode surface in order to induce the change in the surface tension. In nanochannels, the electric potential difference generated by EDL is sufficient to change the contact angle due to its small size, which can change the behavior of liquid diffusion in nanochannels. To understand this phenomenon, the governing equations of electrowetting are studied. Electrowetting usually refers to the motion of an electrolyte drop induced by an applied voltage between the electrolyte and the electrode surface. The applied potential difference can partially modify the surface tension of the electrolyte drop, which induces a local pressure difference in the drop. The pressure difference can generate the motion of the electrolyte drop in order to reach a uniform pressure in the drop. This process can be described by an energy equation relating the surface tension with electric potential,
where ␥ dw is the total surface tension-induced energy, including both chemical and electrical terms, ␥ dw 0 is the surface tensioninduced energy with only the chemical term, C = m 0 ͑A / h͒ is the capacitance of the interface with the thickness ͑h͒, A is the area at the interface, m is the dielectric constant at the interface, 0 is the vacuum permittivity, and V is the potential difference between the electrolyte drop and the channel wall. The contact angle ͑͒ is given by the Young-Dupre equation
where ␥ w is the surface tension-induced energy on the channel wall and ␥ d is surface tension-induced energy on the electrolyte drop. By combining Eq. ͑5͒ with Eq. ͑4͒, the contact angle can be expressed as
According to this equation, the contact angle can be changed by increasing the electric potential. The electrical properties of a channel surface can be modified in various ways such as ion concentration variation, surface coating, chemical modification, and temperature change. When the ion concentration is low, the electric field due to surface charges is small but spans across the channel. When the ion concentration is high, a large electric field is generated by surface charges close to the wall. This high electric field localized near the wall induces the change of surface tension. The local electric field applied on the drop surface tends to decrease the contact angle. This phenomenon in nanochannels can be comparable to the electrowetting phenomenon of microfluidics at a high voltage potential. Equation ͑6͒ yields the relationship between the contact angle and the potential difference between the electrolyte and the channel wall. The contact angle decreases with the increase in the potential difference. When the contact angle becomes less than 90 deg, the interface becomes hydrophilic, which leads to liquid diffusion into nanochannels. To correlate the contact angle with the ion concentration, the ion distribution inside the nanochannel is considered. First, it is assumed that the EDL has a finite length. Based on the Debye-Hueckel approximation for the charge density, the equilibrium zeta potential can be described by the mean field Poisson-Boltzmann equation for a monovalent solution,
Assuming that ze Ӷ k B T, Eq. ͑7͒ can be approximated as
where = ͱ 2cz 2 e 2 / 0 k B T. The Debye length is 1 / , which represents the characteristic length of the EDL. For a twodimensional ͑2D͒ channel at equilibrium, the zeta potential should be constant in the flow direction x; thus, we only need to solve the zeta potential in direction y perpendicular to the wall. For a 2D rectangular shaped channel having width w, an analytical solution for the zeta potential is ͓13͔
The distribution of the zeta potential across the channel at different Debye lengths is shown in Fig. 1 . From Eq. ͑9͒, the zeta potential ͑͒ becomes 1 at the left and right edges of the nanochannel floor ͑y = 0 and y = w͒. In the two-dimensional rectangular channel, the y coordinate perpendicular to the channel wall is normalized by the channel width w. The zeta potential exponentially decreases as the distance from the wall increases. When the Debye length is much smaller than the channel width, the electric field induced by the zeta potential is localized in the vicinity of the wall. However, when the Debye length is comparable to the channel width, the electric field is reduced across the channel. As shown in Fig. 1 , the electric field in the vicinity of the wall decreases as the Debye length increases. When the Debye length is large enough, the EDLs at the left and right channel walls can overlap.
The computed electric field strength and diffusion length by combining Eqs. ͑6͒ and ͑9͒ are shown in Fig. 2 . Here, the ion concentration is normalized by 0.1M. The electric field strength and diffusion length are normalized by their maximum values.
When the ion concentration is low, the potential difference induced by the EDL is small, which does not influence the contact angle. The diffusion length at this stage is nearly constant. As the ion concentration increases, the contact angle decreases, which exponentially increases the diffusion length. When the ion concentration increases further, the potential gradient induced by the EDL finally reaches a plateau; thus, the diffusion length reaches up to a maximum constant.
In summary, the electric field generated between the nanochannel surface and the EDL from an ionic solution changes the contact angle, which can change the diffusion behavior of an ionic solution flowing into the nanochannel. With the increase in the ion concentration, the contact angle decreases due to the enhanced electric field. The decreased contact angle increases the diffusion length in nanochannels, as shown in Fig. 2͑b͒ . The numerical study is validated with the diffusion experiment using NaCl and PB. By using the ion diffusion mechanism in nanochannels, -DNA is introduced and stretched in the nanochannels.
Experimental Methods

Nanochannel
Fabrication by Shadow Edge Lithography. SEL ͓9͔ was used to fabricate nanochannels in a 100 mm Si wafer. The shadow effect in high-vacuum evaporation was analyzed to predict the geometric distribution of nanoscale patterns ͓8͔. In the experiment, uniform nanoscale patterns were generated by the shadow of aluminum ͑Al͒ edges that were prepatterned using conventional lithography steps.
The fabrication steps are illustrated in Fig. 3͑a͒ . First, a Si wafer ͑diameter: 100 mm, orientation: ͗100͘, p-type͒ was thermally oxidized at 1100°C to grow a 250 nm thick silicon dioxide ͑SiO 2 ͒ layer. Then, a 170 nm thick Al layer was nonconformally deposited by an electron-beam evaporator ͑NRC 3117, Varian Inc., Palo Alto, CA͒ on the oxide layer. The nonconformal deposition of the first Al layer was conducted to create nanogaps with uniform width on the Si wafer. During the evaporation, a circular crucible with a radius of 12.5 mm was located in the center of the chamber, and the wafers were loaded in the planetary system on the top side of the chamber. The chamber was then vacuumed to 3 Torr, and the filament voltage for electron emission was set to 7 kV. To remove the impurities, the Al source in a crucible was soaked for 3 min after heating. The evaporation rate was consistently controlled at 1 Å / s. The first Al layer was deposited and then patterned by the conventional ultraviolet lithography for the shadow mask. After the patterning of the aluminum stripes over the entire Si wafers, the second Al layer ͑30 nm͒ was evaporated in order to create nanoscale gaps based on Al prepatterns. The nonconformal deposition was conducted to create uniform width of nanogaps on the Si wafers, as studied in our prior work ͓8͔. After the fabrication of the uniform width of nanogaps, an array of nanochannels was created on a SiO 2 layer by reactive ion etching ͑RIE͒ ͑trion RIE, gases: CHF 3 +O 2 , power: 125 W͒ process. The depth of the nanochannel was controlled by the etching rate and time. Finally, nanochannel fabrication was completed by removing Al layers in an Al etchant. The dimension of fabricated nanochannels was 100 nm in width and 150 nm in depth. Scanning electron microscopy ͑SEM͒ ͑FEI Sirion, NanoTech User Facility, University of Washington, Seattle, WA͒ was used to image fabricated nanochannels, as shown in Fig. 3͑b͒ . For the experiment of ion diffusion, nanochannels having 100 nm in width and 150 nm in depth were utilized. For the experiment of stretching -DNA, nanochannels of 50ϫ 150 nm 2 were also used for comparing the stretched lengths of -DNA.
Diffusion of Ionic Solution
Into Nanochannels. For the ion diffusion experiment, nanochannels having 100 nm in width and 150 nm in depth were consistently used. Two kinds of ionic solutions were prepared for the diffusion in nanochannels: sodium chloride ͑initial concentration: 5M, Sigma-Aldrich, St. Louis, MO͒, and phosphate buffer ͑initial concentration: 0.05M, Fisher Scientific, Pittsburgh, PA͒. The experimental setup for the ion diffusion is illustrated in Fig. 4 , which includes an optical microscope to observe the diffusion, a goose-neck illuminator to brighten nanochannels ͑MI-150, Dolan-Jenner, Lawrence, MA͒, and a syringe pump to load a solution drop on nanochannels ͑model: 11 plus, Harvard Apparatus, Holliston, MA͒. To study the diffusion length, various concentrations of the aqueous ions were prepared. For NaCl, six kinds of concentrations were prepared ͑5000 mM, 500 mM, 50 mM, 5 mM, 0.5 mM, and 0.05 mM through dilution with DI water͒. For PB, nine kinds of concentrations were prepared ͑50 mM, 25 mM, 12.5 mM, 5 mM, 2.5 mM, 1.25 mM, 0.5 mM, 0.25 mM, and 0.125 mM through dilution with DI water͒. The diffusion length in nanochannels was measured by using imaging software ͑IMAGEJ, National Institutes of Health ͑NIH͒͒. In one optical image, the diffusion lengths for 85 nanochannels were contained, which were used for the measurement.
The experimental procedures were as follows: ͑1͒ Place a 100 mm Si wafer having nanochannels and a syringe pump on a stage. ͑2͒ Illuminate the nanochannels using an illuminator with an imaging device. ͑3͒ Load 2 l of solution into a syringe pump using a capillary tube. ͑4͒ Drop the solution on an array of nanochannels and wait for 40 s for the diffusion into the channels. ͑5͒ Capture an optical image through an optical microscope. ͑6͒ Analyze the image to measure the average diffusion length from 85 nanochannels using IMAGEJ software. ͑7͒ Repeat the diffusion experiment three times by using a single wafer having an array of nanochannels. For verification, three sets of experiments were conducted using three different wafers.
3.3 Stretching of -DNA in Nanochannels. -DNA ͑48.5 kbp, New England BioLabs, Inc., Ipswich, MA͒ was prepared for the diffusion and stretching experiment. The concentration of the initial DNA solution was 500 g / ml ͑16 nM, molecular weight: 31.5ϫ 10 6 daltons͒ in tris ethylenediamine tetra-acetic acid ͑TE͒ buffer ͑pH 7.5͒. The original solution was diluted by 100 folds to the concentration of 5 g / ml using a 1 ϫ TE buffer. To detect DNA molecules, an intercalating dye ͑PicoGreen ® double-strand DNA ͑dsDNA͒ reagent, Invitrogen, Carlsbad, CA͒ was used, which was a green fluorophoric dye. Following the protocol of the kit, the PicoGreen solution was diluted by 200 folds with a 1 ϫ TE buffer. Prior to the DNA experiment, -DNA solution was mixed with the diluted PicoGreen, with the volume ratio of 1:1. To observe the stretched DNA molecules in nanochannels, an epifluorescence microscope ͑Olympus BX-41, Olympus America Inc., Melville, NY͒ was used with a charge-coupled device ͑CCD͒ camera ͑DP30BW, Olympus͒ and imaging software ͑DP-BSW-V3.1, Olympus͒. The experimental procedures of DNA stretching were the same as the ion diffusion experiment. For this experiment, 27 nanochannels were used for processing the images.
Results and Discussion
4.1 Diffusion of Ionic Solution Into Nanochannels. To study the relationship between diffusion length and ion concentration, various concentrations of NaCl and PB were tested for diffusion in an array of open nanochannels. The ionic solutions were loaded on nanochannels, and their introduction and diffusion into nanochannels were observed by optical microscopy according to ion concentrations. Figures 5͑a͒ and 5͑b͒ show optical images for the diffusion of NaCl and PB solutions in the nanochannels, respectively. It was observed that with the increase in ionic concentration, the diffusion length was also increased for both NaCl and PB solutions. The different color in the optical images was caused by the different optical indices among the solution, oxide layer, and air. With an illuminator, nanochannels were visible without the ionic solutions. When the nanochannels were filled with the ionic solutions, similar optical indices between the oxide layer and the solution made the nanochannels invisible.
Various concentrations of NaCl and PB solutions were utilized to study the relationship between diffusion length and ion concentration. The experimental result was summarized in Fig. 6 . For verification, three sets of experiments were conducted. The error bars show the standard deviation. As predicted in the theoretical study, the higher ionic concentration shows the larger diffusion length compared with the lower ionic concentration. For the NaCl solution ͑Fig. 6͑a͒͒, when the concentration is higher than 50 mM, the diffusion length reached a top plateau. When the concentration is lower than 0.5 mM, the diffusion length is maintained at 50 m because the solution is not easily introduced due to the low concentration of sodium ions. The diffusion length varies with ion concentration between the two plateaus. For Fig. 6͑b͒ , the bottom plateau is also observed, but the top plateau is not observed because the highest concentration of the used PB solution is only 50 mM. An ion concentration of PB higher than 50 mM should show a top plateau, as shown in the NaCl solution. In comparison of both experiments, the NaCl solution shows the diffusion length larger than the PB at the same concentration.
4.2 Stretching of -DNA in Nanochannels. The ion diffusion in an open nanochannel configuration was applied to the stretching experiment of -DNA molecules. When the DNA solution ͑concentration: 5 g / ml, 160 pM͒ was introduced into nanochannels; cations in the DNA solution formed EDL on the surface of the SiO 2 layer. Through the diffusion of cations, the DNA molecules were introduced and stretched in the nanochannels. For measurement, DNA molecules were intercalated with a PicoGreen dsDNA dye prior to the stretching experiment. Stretched DNA was observed by fluorescence microscopy, as shown in Fig. 7 . The length of stretched DNA molecules was measured from ten points and averaged, as shown in the images. When 50 nm wide channels were used, the stretched length was longer than that of 100 nm wide channels, which could be explained by considering the persistence length ͑ϳ50 nm͒ of double-stranded DNA molecules ͓14-16͔. Because 50 nm wide channels had the comparable size to the persistence length, DNA molecules could be stretched better than at the 100 nm wide channels. Considering the fully stretched length of -DNA ͑48.5 kbp͒ at 16.5 m, 50 nm wide channels showed about 78% stretching of the DNA.
Conclusions
The diffusion of an ionic solution in open nanochannels was presented with numerical study, which was validated by the experiment using an array of nanochannels. In the experiment, the diffusion length increased as the ion concentration increased. At the lower and higher concentrations, the plateau was observed for the diffusion length, as predicted in our numerical study. When the solution having -DNA molecules was placed on nanochannels, the ionic solution could introduce -DNA molecules into nanochannels. The 50 nm wide nanochannels could stretch -DNA molecules longer than the 100 nm wide nanochannels because the persistence length of -DNA molecules was comparable to the width of the 50 nm wide nanochannels. The study of ion diffusion with an open nanochannel configuration can be used to predict the concentration of ions and other molecules. Nanof- luidics can be applied for extracting biomolecular information including persistence length and molecular length, which can benefit nanoengineered medicine and biology.
